Abstract: There are two long-standing theories about the pathogenesis of glaucoma -barotrauma and the effect of vascular hypoxia. Currently, it is still unknown whether diminished blood flow is the cause or result of glaucomatous atrophy of ganglion cells and the optic nerve. Though many other imaging techniques used to directly assess ocular blood flow have been well studied, they are limited by their inability to directly assess metabolism in the ocular tissues or measure the oxygen carrying capacity in the vessels. Retinal oximetry is a relatively novel, noninvasive imaging technique that reliably measures oxygen saturation levels in the retinal vessels, offering surrogate markers for the metabolic demands of the eye. The clinical significance of these measurements has not been well established. Thus, this review gives an overview of ocular imaging and current retinal oximetry techniques, while contextualizing the important oximetry studies that have investigated the vascular theory behind glaucoma.
Introduction
Retinal oximetry is a relatively novel, noninvasive imaging technique that reliably measures oxygen saturation levels in retinal vessels, acting as a surrogate marker for the metabolic demands of the eye.
It is widely accepted that retinal blood flow or oxygenation is altered in vasculopathies such as retinal vessel occlusions and diabetic retinopathy. There is also mounting evidence implicating vascular compromise in glaucoma. [1] [2] [3] Measurements of retinal oxygenation in such conditions help improve our understanding of pathophysiology and may guide us in making diagnostic and therapeutic decisions.
Glaucoma is an optic neuropathy associated with retinal ganglion cell death and visual field loss. 1, 4 Two long-standing theories explain different, but inter-related, mechanisms involved in the pathogenesis of the disease. The mechanical theory of barotrauma to the nerve and subsequent cell death has been thought to be the predominant cause in high-pressure glaucomas such as primary open-angle glaucoma (POAG) or primary angle closure glaucoma (PACG). 5 The vascular theory, in which there is hypoperfusion, ischemia, hypoxia and ensuing tissue damage, is thought to play a major role in normal tension glaucoma (NTG). 6 Many studies have shown dysfunctional regulation of ocular blood flow to be associated with increased incidence, prevalence and progression of glaucoma. [6] [7] [8] There is growing evidence that blood flow in glaucomatous eyes is reduced or that its regulation is impaired compared with normal, non-glaucomatous eyes. 1, 8 Corroborating this hypothesis, blood flow deficiencies have been reported in both the choroidal and retrobulbar circulations in glaucoma patients. [9] [10] [11] [12] [13] [14] [15] Plange et al showed that in asymmetric
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Yap et al glaucoma, the blood velocity in the central retinal artery was reduced in the more affected eye, 16 while Sato et al found that in asymmetric NTG eyes, the neuroretinal rim blood flow was reduced in areas corresponding to scotoma. 17 In addition, systemic and localized vascular abnormalities have been associated with POAG, [18] [19] [20] [21] while reduced ocular perfusion pressure has been shown to have links with both the prevalence and incidence of glaucoma. [22] [23] [24] There has also been speculation that vascular autoregulation is impaired in glaucoma, which results in impaired blood flow and energy metabolism. 6, 25 The evidence from all these studies strongly implicates vascular factors in the pathogenesis of glaucoma.
The role of hypoxia is further supported by the increased staining of hypoxia-induced factor-1α in the retina and optic nerve of patients with glaucoma compared with healthy individuals. 26, 27 Animal studies have demonstrated that the oxygen tension at the optic nerve decreases when the intraocular pressure (IOP) rises to high levels and increases when the IOP is lowered again. 28 Currently, it is still unknown whether diminished blood flow is the cause or result of glaucomatous atrophy of ganglion cells and the optic nerve.
Ocular imaging and retinal oximetry techniques
Many imaging techniques used to directly assess ocular blood flow have been well studied, such as fundal fluorescein angiography, color Doppler imaging, confocal scanning laser ophthalmoscopic angiography, Canon laser blood flowmetry and scanning laser Doppler flowmetry. 29 The limitation of these techniques is the inability to directly assess metabolism in the ocular tissues or measure oxygen-carrying capacity in the vessels.
Retinal oxygenation can be measured with either invasive or noninvasive methods. Retinal oximetry is a new, emerging noninvasive technique that can reliably provide us with important information of retinal metabolism by measuring oxygen saturation levels in retinal vessels. The two main systems currently in use are the Oxymap T1 Retinal Oximeter (Oxymap, Reykjavik, Iceland; Figure 1 ) and the Vesselmap system (Imedos Systems UG, Jena, Germany; Figure 2 ).
While different retinal oximetry systems have different constructs, the basic structure consists of a fundus camera with an attached image splitter. The image splitter contains mirrors that split the beam from the camera into smaller beams based on wavelengths of light, as well as filters that further filter the beam. The apparatus also includes a digital camera to capture the fundus images.
Analysis of the images has been shown to be most effective with comparison of the images at two distinct wavelengths, at 600 nm (sensitive to oxyhemoglobin) and at about 570 nm (insensitive to oxyhemoglobin). Computer software detects retinal vessels and uses relative light intensities to calculate relative vessel oxygenation. The OD of retinal vessels from the two acquired images is automatically calculated by software algorithm according to the equation OD = log (I0/I), where I0 is the light reflected by the background to the side of the vessel and I is the light reflected from the vessel. The ratio of OD at 600 nm and OD at 570 nm is inversely related to hemoglobin oxygen saturation. 2, 31, 32 Many recent studies have been performed using the Oxymap system. The device is designed to capture and measure retinal vessel oxygen saturation in one comprehensive system using a fundus camera add-on and uses spectrophotometric measurements. Although it has been shown to have repeatable results in small studies when imaging the same 
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Glaucoma related retinal oximetry retinal region, the vessel detection and, hence, the oximetry analysis are often adversely affected in the presence of cataracts ( Figure 3 ). As a result, the clinical significance of these measurements has not been well established.
33,34
Alternative approaches A few novel approaches have been utilized in an attempt to capture multiple wavelengths in a snapshot. Ramella-Roman et al used a lenslet array and different filters behind each lenslet. [35] [36] [37] This allows capture of an image at several different wavelengths simultaneously. Testing on samples of hemoglobin and on healthy volunteers was carried out with six wavelengths of light. Harvey et al have developed an instrument that captures information on eight wavelengths simultaneously using spectral demultiplexing. 35, 38 The same group of authors have also used another system to develop and test their oximetry calculations; it records information on different wavelengths sequentially. Yet another approach to multi-/hyperspectral retinal oximetry was taken by Johnson et al who used a method based on hologram technology to separate up to 50 wavelengths in snapshot images. 35, 39 There has been limited use of the system in humans, but validation results from rabbits, using 28 wavelengths, were recently published. 35, 40 Noninvasive oximetry has mainly been used to study blood in the larger retinal vessels. Attempts have been made to measure outside the larger vessels with multi-wavelength oximeters, with those measurements being made of the optic nerve head and the retina. [41] [42] [43] Recently, Desjardins et al published preliminary data using hyperspectral retinal camera which focussed on relative oximetry and total hemoglobin outside of the main vessels. Even though it is a very small study, nonetheless, this could be a step in the direction to obtaining further data which could further elucidate on the topic matter. The main challenge in these studies is to isolate a small signal from the capillaries of interest. 44 Yet another study by Gonzalez-Hernandez et al looked at optic nerve head color images and used the Laguna ONhE program (Insoft SL, Tenerife, Spain) to estimate the hemoglobin amount in each sector. Within the very limited area of the disc, they found optic nerve head (ONH) hemoglobin correlated well with retinal nerve fibre layer (RNFL) thickness, except in the nasal and temporal sectors. 45 
Retinal oximetry in glaucoma Retinal oxygenation and glaucoma pathophysiology
Retinal oximetry is a promising tool for its potential in directly assessing oxygen saturation. In particular, we explore how it can contribute to further supporting the vascular theory of glaucoma.
When Michelson and Scibor measured oxygen saturation in healthy persons and in patients with POAG and NTG, they found a correlation between the arteriovenous (AV) difference in oxygen saturation and the rim area in patients with glaucoma, but did not find a correlation between arteriolar oxygen saturation and mean defect/visual field defect or rim area. 3 The limitation of their study was that they only measured a small segment of the superior temporal retinal arteriole and venule, ~1-3 mm from the disc margin, which gives limited information on the overall retinal metabolism. Changes in oxygenation at the superior temporal region may not account for the glaucomatous changes in other quadrants. However, they did concur that their data showed a glaucomatous loss of rim tissue indicating a chronic process is coupled with changes in retinal oxygen saturation.
In addition, they also found that arteriolar saturation was slightly lower in NTG as compared to that in healthy volunteers. This may be related to poor ocular blood flow in those patients.
Conversely, a few studies found that in patients with treated POAG, deeper visual field defects were associated with increased oxygen saturation in venules and decreased AV difference in retinal oxygen saturation. 1, 46 The most likely explanation is that glaucomatous atrophy decreases the demand for oxygen, resulting in a higher retinal venous oxygen saturation. The data suggested that oxygen metabolism is affected in the glaucomatous retina, possibly related to tissue atrophy, adding further to the evidence for ischemia/ hypoxia in glaucoma. It should be noted that some of their 
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Yap et al patients had also undergone glaucoma surgery which has been postulated to increase oxygen saturation. 47 Similarly, Vandewalle et al showed that in patients with treated open-angle glaucoma, severe glaucomatous damage is associated with increased oxygen saturation in the first-and second-degree retinal venules and decreased AV difference in retinal oxygen saturation. Moreover, they found that the AV difference in oxygen saturation decreased as the rim area and the nerve fiber layer decreased. 26 In their comparison of retinal oxygen saturation in patients with POAG and healthy subjects, Ito et al found a correlation in patients with glaucoma between mean visual field defect and average oxygen saturation only in the inferoand supero-temporal region of the retina. 48 Furthering this, Olafsdottir et al also found that patients with advanced open-angle glaucoma had higher oxygen saturation in the venules and lower AV differences in oxygen saturation compared with healthy individuals.
2 They speculated the decreased AV difference in severe glaucoma may be related to lower oxygen consumption secondary to tissue atrophy, which produced lower oxygen requirements. This study also showed that there was no difference in the retinal oxygen saturation between healthy individuals and patients with glaucoma, suggesting that hypoxia is unlikely to be the primary cause or consequence of ischemia.
Delving deeper, Cheng et al compared retinal oximetry and vessel caliber between eyes of asymmetrical glaucoma severity and of normal subjects. 49 They found that compared to normal controls, arteriolar oxygen saturation was increased in PACG eyes, but not in POAG or NTG eyes. Uniquely, they found there were no significant differences in oxygen saturation in the venules or in AV difference between the three glaucoma subgroups. Venular diameter was significantly reduced in all glaucoma groups compared to normal controls, but no such change was observed in arteriolar diameter.
Interestingly, when divided according to severity, it was also noted that in PACG eyes with more severe disease, the arteriolar diameter was significantly lower and the arteriolar oxygen saturation and AV difference were significantly higher. This trend was not observed in POAG or NTG eyes with asymmetrical disease. We hypothesize that the oximetry difference observed in PACG eyes may be due to an increased metabolic demand in the disease process compared to openangle glaucoma.
With regard to the vessel caliber, it is possibly due to Poiseuille's formula, in which the volume flow varies to the fourth power of the radius of the tube, provided the pressure gradient remains constant. In short, a small decrease in vessel radius can significantly decrease the volume flow rate, as well as cause increased vascular resistance and lead to alteration of oxygen provision to the retina and optic nerve. Their study was limited by the lack of data about the effect of IOP on pressure gradient and vessel caliber at the onset of the disease; also, they observed patients who had received treatment for glaucoma.
In our more recently published study of retinal oximetry in subjects with glaucomatous hemifield asymmetry, we noted that localized visual field losses were not associated with changes in retinal oximetry, but were associated with narrower retinal arteriolar diameters in the same hemifield of PACG and NTG patients. These same patients also demonstrated marginally higher venular oxygen saturation and a smaller AV difference in the more affected hemifield, but this was not statistically significant. The retinal nerve fiber layer was thinner in the more affected hemifield in these two groups, but was not so marked in the POAG eyes, possibly limiting our ability to find a difference in arteriolar diameter there. 30 It is possible that the oximetry changes do not localize well to the visual field defects or that the differences between the more and less affected hemifields were not large enough to produce significant results; previous studies only found significant differences in oximetry when they compared healthy controls with patients who had advanced glaucoma. Unfortunately, retinal blood flow was not quantified in our study and this is an important determinant of retinal perfusion and subsequent hemifield loss.
Retinal oxygen saturation and glaucoma drug treatment
From the literature, it is known that some medications can have an effect on the retinal oxygen saturation by influencing ocular blood flow. In a literature review and meta-analysis, Siesky et al looked at an 8-month treatment with dorzolamidetimolol or timolol alone and found that the decrease in IOP with dual therapy decreased IOP and increased retinal blood flow in the superficial retinal vasculature in both glaucomatous and healthy patients. 50 While there was no significant effect on oximetry measurements in the retinal arteries and veins, the combination of increased retinal blood flow with consistent oxygen saturation may potentially increase oxygen delivery to the retina. Correspondingly, Traustason et al showed that switching from the combination of dorzolamide-timolol to timolol monotherapy resulted in decreased arteriolar and venular oxygen saturation. 51 It has also been shown that both brinzolamide and dorzolamide increased oxygen saturation in the superior and inferior retinal veins, although no significant correlation was found in the retinal arteries.
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Glaucoma related retinal oximetry Retinal oxygen saturation and glaucoma surgery
Hardarson et al looked at the effect of glaucoma filtration surgery on retinal oxygen saturation and found a 2% oxygen increase in oxygen saturation in arterioles ~1 month after trabeculectomy compared to presurgical values, with no significant change in venular oxygen saturation. They concluded that glaucoma filtration surgery, which lowers IOP, results in almost no change in retinal vessel oxygen saturation. 47 A more recent study by Nitta et al found that although oxygen saturation in retinal arterioles remained unchanged before and after glaucoma surgery, either trabeculectomy or EX-PRESS (Alcon Laboratories, Fort Worth, TX, USA) shunt surgery, the oxygen saturation in the venules increased and concluded that the IOP decrease caused by glaucoma surgery had an effect on the retinal venous oxygen saturation. 53 Given the complex nature of glaucoma, the studies were limited by a small size and not having well-defined criteria, for example, not controlled for severity, type of glaucoma and randomization to surgery or not.
While the posttreatment retinal venous saturation seems to have remained largely unchanged in most of these studies, the lack of large or consistent changes in either direction may also provide indirect clues, supporting that these changes may be due to the disease rather than the cause. Also, there is likely to be some variation due to the racial differences in cutaneous and fundus pigmentation that has skewed oximetry readings.
Conclusion
Retinal oximetry is a new noninvasive technology that has potential for use in a clinical setting, as it provides measurements of retinal vessel oxygen saturation in health and disease. It is important to note that significant media opacity and poor contrast as well as light scatter are likely to affect measured oximetry. We have reviewed the most pertinent studies in the context of glaucoma where it has aided in the understanding of the pathophysiology and, to a certain extent, shows promise in guiding diagnostic and therapeutic decisions.
There are numerous other ocular diseases in which retinal oximetry is likely to play a more significant role, in particular, retinal vascular diseases such as diabetic retinopathy, retinal vein and artery occlusions and ocular ischemic syndrome 35, 43, 54 as well as central nervous system diseases. 52 Similarly, the Oxymap system has a utility in evaluating eyes after vitrectomy, where authors found both retinal arteriolar and venular oxygen saturations were significantly increased. 53 However, to be incorporated into our routine clinical work-up, oximetry needs to show value across a variety of clinical situations that will ultimately change management.
